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The Nrf2 (nuclear factor erythroid 2 [NF-E2]-related 
factor 2 [Nrf2])-Keapl (Kelch-like erythroid cell-derived 
protein with CNC homology [ECH]-associated protein 1) 
signaling pathway is one of the most important cell 
defense and survival pathways. Nrf2 can protect cells 
and tissues from a variety of toxicants and carcinogens 
by increasing the expression of a number of cytoprotec- 
tive genes. As a result, several Nrf2 activators are currently 
being tested as chemopreventive compounds in clinical 
trials. Just as Nrf2 protects normal cells, studies have 
shown that Nrf2 may also protect cancer cells from 
chemotherapeutic agents and facilitate cancer progres- 
sion. Nrf2 is aberrantly accumulated in many types of 
cancer, and its expression is associated with a poor 
prognosis in patients. In addition, Nrf2 expression is 
induced during the course of drug resistance. Collectively, 
these studies suggest that Nrf2 contributes to both in- 
trinsic and acquired chemoresistance. This discovery has 
opened up a broad spectrum of research geared toward 
a better understanding of the role of Nrf2 in cancer. This 
review provides an overview of (1) the Nrf2-Keapl signal- 
ing pathway, (2) the dual role of Nrf2 in cancer, (3) the 
molecular basis of Nrf2 activation in cancer cells, and (4) 
the challenges in the development of Nrf2-based drugs for 
chemoprevention and chemotherapy. 



The transcription factor nuclear factor erythroid 2 (NF- 
E2)-related factor 2 (Nrf2) belongs to the Cap 'N' Collar 
(CNC) family that contains a conserved basic leucine 
zipper (bZIP) structure. The main function of Nrf2 is to 
activate the cellular antioxidant response by inducing 
the transcription of a wide array of genes that are able to 
combat the harmful effects of extrinsic and intrinsic 
insults, such as xenobiotics and oxidative stress. As a 
result, Nrf2 has traditionally been regarded as the cell's 
main defense mechanism and a major regulator of cell 
survival. Activation of the Nrf2 defense response has 
been shown to protect against neurodegenerative diseases, 
aging, diabetes, photo-oxidative stress, cardiovascular dis- 
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ease, inflammation, pulmonary fibrosis, acute pulmo- 
nary injury, and cancer (for review, see Motohashi and 
Yamamoto 2004; Jeong et al. 2006; Zhang 2006; Kensler 
et al. 2007; Lau et al. 2008). 

Recent studies, hov^ever, have demonstrated that Nrf2 
promotes the survival of not only normal cells but also 
cancer cells. Accumulation of Nrf2 in cancer cells creates 
an environment conducive for cell growth and protects 
against oxidative stress, chemotherapeutic agents, and 
radiotherapy. This phenomenon has been termed the 
''dark side of Nrf2'' (Lau et al. 2008; Wang et al. 2008b). 
This discovery has opened up a broad spectrum of re- 
search geared toward a better understanding of the role of 
Nrf2 signaling in cancer and has set a new paradigm for 
the development of pharmacological reagents targeting 
Nrf2 for cancer prevention and treatment. 

The Nrf2-Keapl (Kelch-like erythroid cell-derived 
protein with CNC homology [ECH]-associated 
protein 1)-ARE (antioxidant response element) 
signaling pathway 

Nrf2 

Nrf2 contains seven functional domains, known as Nehl- 
Neh7 (Fig. 1 A). Of these, the Neh2 domain, located in the 
N terminus of Nrf2, is the major regulatory domain. Neh2 
contains seven lysine residues that are responsible for 
ubiquitin conjugation (Zhang et al. 2004) as well as two 
binding sites (termed ETGE and DLG motifs) that help 
regulate Nrf2 stability (McMahon et al. 2006; Tong et al. 
2006b). The ETGE and DLG motifs interact with Keapl, 
which is a substrate adaptor protein for the CuUin 3 (Cul3)- 
dependent E3 ubiquitin ligase complex that represses Nrf2 
by promoting its ubiquitination and subsequent proteaso- 
mal degradation (CuUinan et al. 2004; Kobayashi et al. 
2004; Zhang et al. 2004; Furukawa and Xiong 2005). 

The Nehl and Neh6 domains have also been reported 
to regulate the stability of Nrf2. Nehl contains a CNC- 
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Figure 1. Conserved domains of Nrf2 and 
Keapl. (A) Nrf2 contains seven domains, known 
as Nehl-Neh7. The Neh2 domain contains two 
binding motifs, DLG and ETGE, which interact 
with Keapl. The Neh4, Neh5, and Neh3 do- 
mains are important for the transactivation ac- 
tivity of Nrf2. The Neh6 domain is a serine-rich 
region that regulates Nrf2 stability. The Nehl 
domain is a basic region leucine zipper motif that 
is important for its stability, DNA binding, and 
dimerization with Maf. [B] Keapl contains three 
major domains. The BTB domain mediates Keapl 
homodimerization and associates with Cul3. 
The IVR domain contains critical cysteine resi- 
dues and connects the BTB domain with the C 
terminus Kelch/DGR domain. The Kelch/DGR 
domain mediates binding with the Neh2 domain 
of Nrf2. 



type bZIP DNA-binding motif that allows Nrf2 to bind 
DNA and dimerize with other transcription factors (Moi 
et al. 1994). Additionally, the Nehl domain has been 
shown to interact with UbcM2, a ubiquitin-conjugating 
enzyme, to regulate the stability of Nrf2 (Plafker et al. 
2010). The Neh6 domain contains two binding sites 
(DSGIS and DSAPGS motifs) for the p-transducin re- 
peat-containing protein (|3-TrCP). p-TrCP acts as a sub- 
strate adaptor for the Skpl-CuU-Rbxl/Rocl ubiquitin 
ligase complex. Phosphorylation of the DSGIS motif by 
GSK-3 increases the ability of p-TrCP to ubiquitinate 
Nrf2 and promote its rapid turnover (McMahon et al. 
2004; Rada et al. 2011; Chowdhry et al. 2013). 

The Neh3, Neh4, and Neh5 domains interact with 
coactivators to enable the transactivation of Nrf2 target 
genes. The Neh3 domain binds to the chromo-ATPase/ 
helicase DNA-binding protein family member CHD6, 
which functions as an Nrf2 transcriptional coactivator 
(Nioi et al. 2005). The Neh4 and Neh5 domains have been 
shown to interact with the CH3 domains of CBP (CREB- 
binding protein) to facilitate the transactivation of Nrf2 
target genes (Katoh et al. 2001; Zhu and Fahl 2001). 
Recently, however, a seventh Neh domain (NehZ, amino 
acids 209-316) was identified and shown to interact with 
the retinoic X receptor a, an Nrf2 repressor, and repress 
Nrf2 target gene transcription (Wang et al. 2013). 

Keapl 

Nrf2 is primarily regulated by Keapl, a substrate adaptor 
for a Cul3 -containing E3 ubiquitin ligase. Keapl pos- 
sesses three functional domains, including a broad com- 
plex/tramtrack/bric-a-brac (BTB) domain, an intervening 
region (IVR), and a Kelch domain, also known as the 
double glycine repeat (DGR) domain (Fig. IB). The BTB 
domain binds Cul3 and is required for Keapl dimerization 
(Zipper and Mulcahy 2002; Lo et al. 2006). The Kelch/ 
DGR domain is critical for maintaining the interaction 
between Nrf2 and Keapl by interacting with the Neh2 



domain of Nrf2 (Itoh et al. 1999; McMahon et al. 2004). 
The IVR links the BTB and Kelch/DGR domains and 
contains several cysteine residues that have been pro- 
posed to regulate Keapl activity (Kobayashi et al. 2004; 
Ogura et al. 2010). Thus, each of the three domains is 
thought to play a unique role in mediating Nrf2 ubiquiti- 
nation and repression. 

Under basal conditions, Nrf2 is primarily localized in 
a complex with Keapl via direct protein-protein interac- 
tions between the Keapl Kelch domain and the ETGE and 
DLG motifs on the Neh2 domain of Nrf2 (Fig. 2). Keapl 
has been shown to bind to the ETGE motif with a higher 
affinity than to the DLG motif (McMahon et al. 2006; 
Tong et al. 2006a). Based on these observations, a two-site 
substrate recognition hinge-and-latch model describing 
the interaction between Nrf2 and Keapl was developed 
(McMahon et al. 2006; Tong et al. 2006a,b). The model 
suggests that Keapl recruits Nrf2 via the ETGE motif 
(hinge), and once this interaction has been established, 
the DLG motif (latch) docks onto an adjacent unoccupied 
Kelch repeat domain on Keapl. Two Keapl molecules 
position the seven ubiquitin-accepting lysine residues that 
are located between the DLG and ETGE motifs of Nrf2 in 
a favorable position and promote Nrf2 polyubiquitination 
and its subsequent proteasomal degradation by the 26S 
proteasome (Zhang et al. 2004; McMahon et al. 2006; Tong 
et al. 2007). Therefore, the Keapl-Cul3-E3 ubiquitin ligase 
complex tightly regulates Nrf2 protein to maintain it at 
a low level. Conversely, recent evidence from our labora- 
tory demonstrated that USP15 (ubiquitin-specific peptidase 
15), a deubiquitinating enzyme, also plays an important 
role in mediating the ubiquitination and degradation of 
Nrf2. USP15 deubiquitinates Keapl, stabilizes the Keapl- 
Cul3-E3 ligase complex, and enhances its E3 ligase ac- 
tivity, which ultimately leads to the degradation of Nrf2 
(Villeneuve et al. 2013). 

In response to a diverse array of stimuli, it has been 
proposed that critical cysteine residues, especially Cysl51, 
within Keapl can be covalently modified, allowing Nrf2 to 
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Figure 2. Schematic model of the Nrf2-Keapl 
signaUng pathway. Under basal conditions, Keapl 
binds to the ETGE and DLG motifs on Nrf2 and 
brings Nrf2 into Keapl-Cul3-E3 ubiquitin ligase 
complex, leading to ubiquitination and subse- 
quent degradation of Nrf2. Oxidative stress or 
electrophiles can cause a conformational change 
in the Keapl -Cul3-E3 ubiquitin ligase by acting 
on specific cysteine residues in Keapl. These 
changes disrupt Nrf2-Keapl binding at the 
DLG domain. Nrf2 is stabilized, and free Nrf2 
translocates to the nucleus, where it dimerizes 
with members of the small Maf family and 
binds to AREs (5'-RTGABNNNGCR-3') within 
regulatory regions of a wide variety of cell de- 
fense genes, including NQOl, GCLM, HO-1, and 
MRPl. (E) ETGE; (D) DLG. 



evade Keapl -mediated ubiquitination (Fig. 2). The human 
Keapl protein contains 27 cysteine residues that can be 
oxidized to sulfenic acid, form disulfides, or be covalently 
adducted by electrophiles (Dinkova-Kostova et al. 2002; 
Zhang and Hannink 2003; McMahon et al. 2010). The 
modification of thiols on Keapl is thought to alter its 
conformation and results in the release of Nrf2 from the 
low-affinity binding site (DLG motif); however, Nrf2 re- 
mains attached to Keapl by the ETGE motif. These 
changes are thought to prevent Nrf2 ubiquitination 
(McMahon et al. 2006; Tong et al. 2006a,b). Consequently, 
Keapl molecules become saturated with Nrf2 that is no 
longer targeted for degradation, and newly synthesized, 
free Nrf2 translocates to the nucleus. In the nucleus, Nrf2 
dimerizes with members of the masculoaponeurotic fibro- 
sarcoma (Maf) protein family that have been shown to 
facilitate the binding of Nrf2 to AREs located within the 
regulatory regions of a wide variety of genes involved in 
cytoprotection and metabolism (Itoh et al. 1997; Nguyen 
et al. 2000; Motohashi et al. 2004; Hirotsu et al. 2012). The 
ARE is a cis-acting DNA enhancer sequence with the 
consensus sequence 5'-RTGABnnnGCR-3', where con- 
served nucleotides are in capitals, and the "n" represents 
any nucleotide (Rushmore et al. 1991; Wasserman and 
Fahl 1997; Hayes and McMahon 2001). The Nrf2-Maf 
heterodimer recruits transcriptional coactivators that pro- 
mote the transcription of genes involved in ( 1 ) regulating 
the synthesis and metabolism of glutathione, such as 
glutamate-cysteine ligase catalytic subunit (GCS); (2) 
antioxidant proteins specializing in neutralizing reactive 
species such as glutathione peroxidase (GPX); (3) drug- 
metabolizing enzymes like UDP-glucuronosyl- transferase 
lAl; (4) xenobiotic transporters, including multidrug re- 
sistance protein 1 (MRPl); and (5) numerous other stress 
response proteins (for review, see Zhang and Gordon 2004; 
Hayes et al. 2010). By inducing the expression of this 
battery of genes, Nrf2 is able to augment a wide range of 



cell defense processes, thereby enhancing the overall 
capacity of cells to detoxify potentially harmful entities. 
As such, the Nrf2-Keapl pathway is generally considered 
a major cellular defense pathway. 

The dual role of Nrf2 in cancer 

Tumor suppressor functions of Nrf2: 'the good side 
of Nrf2' 

Several studies using Nrf2 knockout mice (Nrf2"/~) show 
that Nrf2 protects against chemical carcinogen-induced 
tumor formation in the stomach, bladder, and skin. For 
example, Nrf2-null mice are more likely to develop 
gastric neoplasia after exposure to benzo(a)pyerene com- 
pared with wild-type mice (Ramos-Gomez et al. 2001). 
Higher tumor burdens were reported in the intestines of 
Nrf2-deficient mice challenged with azoxymethane fol- 
lowed by dextran sodium sulfate compared with wild- 
type mice (Osburn et al. 2007; Khor et al. 2008). In 
addition, Nrf2-deficient mice had a higher incidence of 
bladder tumors following exposure to N-nitrosobutyl(4- 
hydroxybutyl)amine (Fahey et al. 2002) as well as an 
increased incidence of skin tumors after exposure to 7,12- 
dimethylbenz(a)anthracene or 12-O-tetradecanoylphorbol- 
13-acetate, two potent carcinogens (Xu et al. 2006). The 
mechanism by which Nrf2 protects against chemical- 
induced carcinogenesis may be due in part to its ability 
to reduce the amount of reactive oxygen species (ROS) 
and DNA damage in cells (Hirayama et al. 2003; Morito 
et al. 2003). 

Further evidence supporting the protective role of Nrf2 
comes from studies with mice harboring a single-nucle- 
otide polymorphism (SNP) in the promoter region of the 
mouse Nrf2 gene. Mice with this SNP have reduced 
expression of Nrf2 and are more susceptible to hyperoxia- 
induced lung damage (Cho et al. 2002). The human NRF2 
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gene also harbors a SNP in its promoter region (rs6721961) 
(Yamamoto et al. 2004; Marzec et al. 2007). Individuals 
with this SNP have significantly lower NRF2 messenger 
RNA (mRNA) levels and an increased risk of developing 
non-small-cell lung cancer (NSCLC) (Suzuki et al. 2013). 

Oncogenic functions of Nrf2: 'the dark side of Nrf2' 

Although a wide body of evidence indicates that activa- 
tion of Nrf2 protects against a variety of toxicants and 
diseases, the prolonged activation of Nrf2 has been shown 
to favor the progression of several types of cancers. Nrf2 
has been shown to be constitutively elevated in lung, 
breast, head and neck, ovarian, and endometrial carcino- 
mas (Singh et al. 2006; Shibata et al. 2008a,b; Wang et al. 
2008b; Jiang et al. 2010; Kim et al. 2010; Solis et al. 2010; 
Zhang et al. 2010). The prognosis of patients with tumors 
expressing high levels of Nrf2 in the clinic is poor (Shibata 
et al. 2008a; Solis et al. 2010; Sasaki et al. 2012) partly due 
to Nrf2's ability to enhance cancer cell proliferation and 
promote chemoresistance and radioresistance. In addi- 
tion, Nrf2 expression is induced during the course of drug 
resistance. Collectively, these studies suggest that Nrf2 
contributes to both intrinsic and acquired chemoresistance 
(Shibata et al. 2008a,b; Singh et al. 2008; Solis et al. 2010; 
Zhang et al. 2010; Inoue et al. 2012). 

Nrf2 and cancer cell proliferation The elevated levels of 
Nrf2 in cancer cells have been shown to promote cancer 
cell proliferation. Recently, Mitsuishi et al. (2012) dem- 
onstrated that Nrf2 is indeed important for the ability of 
A549 lung cancer cells to proliferate. They performed 
microarray analysis to identify Nrf2 target genes involved 
in cancer cell proliferation and identified several genes 
involved in the pentose phosphate pathway, including 
glucose-6-phosphate dehydrogenase {G6PD], phosphoglu- 
conate dehydrogenase (PGD), transketolase [TKT], and 
transaldolase 1 [TALDOl], which are responsible for nico- 
tinamide adenine dinucleotide phosphate (NADPH) re- 
generation. In addition, other metabolic genes, including 
malic enzyme 1 [MEl], phosphoribosyl pyrophosphate 
amidotransferase (PPAT), methylenetetrahydrofolate de- 
hydrogenase 2 {MTHFD2), and iso citrate dehydrogenase 1 
[IDHl], were also identified as transcription targets of 
Nrf2. Nrf2 directly activated G6PD, PGD, TKT, TALDOl, 
MEl, and IDHl by binding to their respective AREs. These 
proteins support glucose flux and generate purines, which 
are the building blocks of DNA and RNA and are impor- 
tant for accelerating proliferation in cancer cells. 

Nrf2 may also promote cancer cell proliferation and 
tumorigenesis by maintaining the redox balance and 
generating antioxidants in cancer cells. Recent studies 
have revealed that glutathione is critical for cell pro- 
liferation (Reddy et al. 2007a,b; Ishimoto et al. 2011). 
Mitsuishi et al. (2012) also found that, in A549 cells, the 
cellular levels of glutamine are elevated and that a sub- 
stantial amount of the glutamine was used for the 
generation of glutathione. Therefore, the enhancement 
of glutathione synthesis is another important effect of 
Nrf2 in accelerating cancer cell proliferation. 



Nrf2 and chemoresistance and radioresistance Several 
studies have demonstrated that cancer cells with elevated 
levels of Nrf2 are less sensitive to common chemother- 
apeutic agents such as etoposide, carboplatin, cisplatin, 
5-fluorouracil, and doxorubicin (Singh et al. 2006; Ohta 
et al. 2008; Shibata et al. 2008a; Wang et al. 2008b; Homma 
et al. 2009; Jiang et al. 2010; Lister et al. 201 1). Consistent 
with this notion, ectopic expression of Nrf2 in cancer 
cell lines that have low basal levels of Nrf2 renders them 
more resistant to a variety of anti-cancer agents, whereas 
siRNA-mediated inhibition of Nrf2 in cells with high 
levels of Nrf2 has been shown to reverse drug resistance 
(Shibata et al. 2008a; Wang et al. 2008b; Homma et al. 
2009; Jiang et al. 2010; Lister et al. 2011). Furthermore, 
cells that have developed resistance to chemothera- 
peutic agents have also been shown to express high 
levels of Nrf2. For example, human ovarian cancer cells 
selected for resistance to doxorubicin have elevated 
levels of Nrf2 compared with wild-type cells, and de- 
pletion of Nrf2 restores drug sensitivity in the resistant 
cells (Shim et al. 2009). In vivo xenografts derived from 
Nrf2 silenced lung cancer cells were more susceptible 
to platin-based chemotherapeutics compared with xe- 
nografts with control cells (Singh et al. 2008; Jiang et al. 
2010). 

Constitutively high levels of Nrf2 have also been 
shown to protect cancer cells against ionizing radiation 
and confers radioresistance in NSCLC cells (Singh et al. 
2010). A549 and H460 NSCLC cells transfected with 
Nrf2 siRNA were more susceptible to ionizing radiation, 
which was measured by an increase in protein oxidation 
and the total protein carbonyl content, than cells trans- 
fected with a control siRNA. Taken together, these find- 
ings suggest that Nrf2 plays a role in not only intrinsic 
chemoresistance but also acquired resistance in cancer 
cells and that selectively inhibiting Nrf2 may improve 
the clinical outcome of patients receiving chemotherapy 
or radiation therapy. 

All of these findings suggest that Nrf2 has a dual role 
in cancer. Based on numerous studies, it appears that 
transient activation of Nrf2 in normal cells (where the 
Nrf2-Keapl axis is intact) is protective; however, consti- 
tutive activation of Nrf2, as seen in cancer, enhances the 
survival and progression of cancer cells (Lau et al. 2008). A 
recent study supports this hypothesis. Satoh et al. (2013) 
found that Nrf2-deficient mice exposed to the carcinogen 
urethane exhibited a relative increase in tumor foci 8 wk 
after urethane administration. However, after 16 wk, 
tumors in Nrf2-null mice showed less advanced malig- 
nancy (Satoh et al. 2013). 

Molecular basis of Nrf2 activation in cancer cells 

Several mechanisms have been reported for the increased 
activity of Nrf2 in cancers, including (1) somatic muta- 
tions in KEAPl, CUL3, or NRF2; (2) epigenetic silencing 
of Keapl; (3) aberrant accumulation of proteins that disrupt 
the interaction between Nrf2 and Keapl; (4) transcrip- 
tional up-regulation of NRF2 through oncogene-dependent 
signaling; and (5) modification of Keapl by metabolic 
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intermediates (for review, see Mitsuishi et al. 2013). A 
detailed description of each mechanism is discussed 
below. 

Somatic mutations in KEAPl, NRF2, or CUL3 

Gain-of-function mutations in NRF2 and loss-of -function 
mutations in KEAPl and CUL3 have been identified in 
several human cancers (Padmanabhan et al. 2006; Singh 
et al. 2006; Nioi and Nguyen 2007; Ohta et al. 2008; 
Shibata et al. 2008a; Li et al. 2011; Ooi et al. 2013; Sato 
et al. 2013). Mutations in the KEAPl gene were initially 
identified in two human lung adenocarcinoma cell lines 
(Padmanabhan et al. 2006). The mutations involved 
a glycine-to-cysteine substitution in the Kelch/DGR 
domain of Keapl. The mutant Keapl exhibited reduced 
affinity to Nrf2, and, consequently, Nrf2 was constitu- 
tively activated in these cells. Since then, multiple 
somatic mutations have also been identified in the Kelch 
or IVR domains of the Keapl protein in NSCLC cell lines 
and human tissues from NSCLC patients (Singh et al. 
2006; Ohta et al. 2008). The decreased Nrf2/Keapl in- 
teraction resulted in the constitutive activation of Nrf2 
and induction of ARE-containing genes. KEAPl gene 
mutations have also been identified in breast cancer 
cells (Sjoblom et al. 2006) and patients with gallbladder 
(Shibata et al. 2008a), liver (Shibata et al. 2008b), ovarian 
(Konstantinopoulos et al. 2008), endometrial (Wong et al. 
2008), and lung papillary (Li et al. 201 1) cancers. As more 
studies accessing the status of KEAPl in different cancers 
are undertaken, it is likely that these studies will reveal 
that KEAPl mutations occur frequently in many cancer 
types. 

Although Nrf2 mutations occur less frequently than 
Keapl mutations, mutations in the NRF2 gene have also 
been identified in several cancers, including lung, head 
and neck, and esophageal carcinoma (Shibata et al. 2008b, 
2011; Kim et al. 2010). Shibata et al. (2008b) recently 
identified NRF2 somatic mutations in 11 of 103 patients 
with lung cancer and in three of 12 patients with head and 
neck cancers. Of the 14 NRF2 mutations described in the 
study, six were within the DLG motif and eight were 
within the ETGE motif (Shibata et al. 2008b). Mutations 
in this region impair the two-site substrate recognition of 
Keapl, resulting in the stabilization of Nrf2, increased 
nuclear translocation of Nrf2, and activation of Nrf2 
target genes (for review, see Mitsuishi et al. 2013). 

Recently, somatic mutations in CUL3 were identified 
in hereditary type 2 papillary renal cell carcinoma (Ooi 
et al. 2013). While CUES has a role in regulating the Nrf2/ 
Keapl pathway, CUES also has many other targets. Thus, 
mutation of CUES likely has many downstream effects, 
one of which is up-regulation of Nrf2. Interestingly, all of 
the KEAPl, NRF2, and CUES mutations identified thus 
far are somatic. No genomic amplification or deletion of 
NRF2 has been reported in cancer thus far. 

Epigenetic silencing of Keapl 

Epigenetic modifications in KEAPl have also been shown 
to promote the accumulation of Nrf2. The promoter region 



of the KEAPl gene is hypermethylated in lung (Wang 
et al. 2008a; Muscarella et al. 201 1 ), prostate (Zhang et al. 
2010), malignant glioma (Muscarella et al. 2011), and 
colorectal cancers (Hanada et al. 2012). The methylation 
of specific CpG sites within the promoter region of 
KEAPl affects KEAPl expression by inducing local chro- 
matin remodeling and restricting the ability of the tran- 
scriptional machinery to bind to the necessary DNA 
sequences (for review, see Copple 2012). Therefore, hyper- 
methylation inhibits KEAPl gene expression, which 
results in the accumulation of Nrf2. These epigenetic 
modifications in KEAPl confer a growth advantage in 
cancer cells. In fact, the epigenetic abnormalities in the 
KEAPl gene in lung cancers and malignant gliomas have 
been associated with poor clinical prognoses in patients 
(Muscarella et al. 2011). 

Several microRNAs (miRNAs) have been shown to be 
involved in the regulation of NRF2, including miR-144, 
miR-28, and miR-200a. miRNAs are short, single-stranded, 
noncoding RNAs that regulate gene expression by se- 
quence-specific binding to mRNA that either inhibits 
translation or causes degradation of mRNA (Bartel 2004). 
miR-144 was the first miRNA to be fully characterized as 
a negative regulator of Nrf2 expression (Sangokoya et al. 

2010) . miR-144 decreased the expression of NRF2 and its 
target genes by targeting two distinct sites at positions 
265-271 and 370-377 of the 3' untranslated region of 
NRF2 (Sangokoya et al. 2010). Similarly, MCF-7 breast 
cancer cells ectopically expressing miR-28 exhibited 
lower levels of NRF2 mRNA and protein (Yang et al. 

2011) . miR-200a was shown to negatively regulate the 
stability of KEAPl mRNA and the level of Keapl protein, 
suggesting that miR-200a indirectly up-regulates Nrf2 by 
suppressing Keapl levels (Eades et al. 2011). Supporting 
a role for these miRNAs in cancer, aberrant expression of 
miR-28 and miR-144 has been reported in various can- 
cers, including lymphoma, glioma, and squamous cell 
carcinoma (Bryan et al. 2012). 

Interactions between Nrf2 and other signaling 
pathways 

A growing body of evidence suggests that in tumors, 
increased levels of Nrf2 can occur in the absence of 
genomic alterations in the NRF2 and KEAPl genes. Nu- 
merous studies have revealed that a wide variety of proteins 
can activate the Nrf2-Keapl pathway by altering Nrf2- 
Keapl binding (for review, see Yates et al. 2009; Wakabayashi 
et al. 2010). In this section, we focus on recent evidence 
highlighting the interactions between the Nrf2-Keapl 
complex and p21, p62, and other proteins (Fig. 3). 

Nrf2 and p21 

Studies have demonstrated that p53 negatively regulates 
Nrf2-mediated gene transcription (Faraonio et al. 2006). 
Specifically, p53 has been shown to suppress the tran- 
scription of x-ct, NQOl, and GSTl, three Nrf2 target 
genes (Faraonio et al. 2006). In this study, various cell 
lines were transfected with expression vectors containing 
Nrf2 or p53. Cotransfection with Nrf2 and p53 resulted in 
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Figure 3. Cross-talk between Nrf2 and other 
proteins. The substrate adaptor sequestosome 1 
protein (p62) modulates the Nrf2-Keapl signal- 
ing pathway by directly interacting with Keapl. 
p62 sequesters Keapl in autophagosomes, which 
results in a decrease in Nrf2 ubiquitination, an 
increase in Nrf2 stability, and activation of Nrf2 
target genes. Nrf2 is stabilized in response to p21 
up-regulation. p21 associates with the DLG 
motif on Nrf2, thereby disrupting the ability of 
Keapl to properly bind and ubiquitinate Nrf2. 
DPP3 binds to Keapl, inhibits Nrf2 ubiquitina- 
tion, and drives Nrf2-dependent transcription in 
cancer cells. (E) ETGE; (S) STGE; (D) DLG. 



decreased expression of the three target genes compared 
with cells transfected with Nrf2 alone. A report from our 
laboratory examining the relationship between p21 (a 
direct downstream target of p53) and Nrf2, however, 
demonstrated that the basal and inducible activity of 
Nrf2 is subject to positive regulation by p21 (Chen et al. 
2009). p21 associates with the DLG motif within Nrf2, 
thereby disrupting the ability of Keapl to properly bind 
and promote the ubiquitination of Nrf2. As a result, Nrf2 
is stabilized in response to p21 up-regulation. Conversely, 
in the absence of p21, the basal and inducible expression 
of Nrf2 target genes is reduced in vitro and in vivo (Fig. 3). 
These findings may suggest that under unfavorable con- 
ditions, strong induction of p53 inhibits Nrf2 by an 
undefined mechanism, which reduces the antioxidant 
defense and cell survival pathways in order to promote 
cell death. On the other hand, under mild stress condi- 
tions, when p53 is only weakly induced, p21 is increased, 
stalling the cell cycle at the Gl/S-phase checkpoint and 
eliciting the cytoprotective response to promote cell 
survival through ( 1 ) the induction of DNA damage repair 
functions of p53 and (2) activation of the Nrf2-mediated 
cytoprotective response. 

Nrf2 and p62 

Several laboratories, including ours, have demonstrated 
that sequestosome 1 protein (p62/SQSTM) can modulate 
the activity of Nrf2 (Copple et al. 2010; Jain et al. 2010; 
Komatsu et al. 2010; Lau et al. 2010). p62 is a scaffold 
protein that binds to polyubiquitinated proteins and 
targets protein aggregates and damaged organelles for 
degradation via the autophagy pathway. p62 contains an 
STGE-binding motif that is similar to the Nrf2 ETGE 



motif between amino acids 349 and 354 (Jain et al. 2010). 
p62 directly interacts with the Kelch domain of Keapl via 
its STGE motif, thereby disrupting the proper confirma- 
tion of the Keapl-Nrf2 complex (Copple et al. 2010; Jain 
et al. 2010; Komatsu et al. 2010; Lau et al. 2010). p62 is 
also capable of binding to LC3, which is associated with 
the autophagosome membrane, thereby providing a link 
between the Nrf2-Keapl pathway and the autophagy 
pathway (Komatsu et al. 2010). Our laboratory found that 
ectopic overexpression of p62 or blockage of autophago- 
somal flux sequestered Keapl in autophagosomes via 
direct interaction between Keapl and p62. The sequestra- 
tion of Keapl into autophagosomes resulted in a decrease 
in Nrf2 ubiquitination, an increase in Nrf2 stability, 
and, ultimately, the enhanced expression of ARE-bear- 
ing genes (Fig. 3). This aberrant accumulation of Nrf2 by 
autophagy deregulation is p62-dependent and Keapl- 
Cysl 51 -independent, which we named the noncanoni- 
cal mechanism of Nrf2 activation. The pathological 
importance of prolonged Nrf2 activation through the 
noncanonical mechanism is exemplified in studies with 
knockout mice showing that accumulation of Nrf2 is the 
major cause of liver damage in autophagy- deficient mice 
(Taguchi et al. 2012). Consistent with the notion that 
Keapl is degraded through the autophagy-lysosome path- 
way (Taguchi et al. 2012), siRNA-mediated knockdown of 
p62 increased the half -life of Keapl twofold, increased the 
levels of Keapl, lowered the level of Nrf2, and reduced the 
expression of Nrf2 target genes (Copple et al. 2010; Lau 
et al. 2010, 2013). This noncanonical mechanism of Nrf2 
activation caused by autophagy deregulation adds an- 
other dimension to the regulation of the Nrf2-Keapl 
pathway. 
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Recently identified proteins that interact with Keapl 

The list of proteins that interact with Nrf2 or Keapl and 
therefore modulate Nrf2 levels is continuously expand- 
ing. Recent studies revealed that the Wilms tumor gene 
on the X chromosome (WTX) tumor suppressor protein 
physically binds to Keapl to competitively inhibit Nrf2 
ubiquitination (Camp et al. 2012). PALB2 has also been 
shown to associate with Keapl and sterically inhibit Nrf2 
ubiquitination (Ma et al. 2012). Very recently, Hast et al. 
(2013) identified the protein dipeptidyl peptidase 3 (DPP3) 
that binds to Keapl, inhibits Nrf2 ubiquitination, and 
drives Nrf2-dependent transcription in cancer cells (Fig. 3). 
All of these proteins contain an ETGE motif, suggesting 
that certain ETGE-containing proteins are capable of up- 
regulating Nrf2 by competing with Nrf2 for Keapl binding 
and suppressing Keapl -mediated ubiquitination of Nrf2. 
Therefore, the functional roles of these proteins may derive 
at least partially from activation of the Nrf2 pathway. 

Transcriptional up-regulation of Nrf2 by oncogene- 
dependent signaling 

Until recently, it was believed that Nrf2 activity is 
primarily regulated at the protein level through ubiquiti- 
nation and degradation, based on the observations that 
a vast majority of Nrf2 activators enhance Nrf2 at the 
protein level without affecting the mRNA levels of NRF2. 
A recent study, however, demonstrated that Nrf2 expres- 
sion might be constitutively elevated by oncogenic acti- 
vation in cancer cells via transcriptional up-regulation 
of NRF2 (DeNicola et al. 2011). Activation of oncogenic 
aUeles of KRAS, BRAF, and C-MYC {KRAS^^^^, BRAF^^^^^, 
and C-MYC^^^^^) increased the mRNA level of NRF2 and 
its target genes 60% and resulted in a more reduced 
intracellular redox environment. Furthermore, results 
from studies employing Jun and myc siRNA indicate that 
KRAS^^^^ and BRAF^^^^^^ may up-regulate the transcrip- 
tion of NRF2 via Jun and Myc. However, more concrete 
mechanistic studies are needed to dissect the molecular 
mechanisms underlying the enhanced expression of 
NRF2 in response to oncogenic activation of KRAS, 
BRAF, and C-MYC. 

Metabolic activation of Nrf2 

Fumarate, a Kreb cycle metabolite, was recently shown to 
form adducts with Keapl and activate the Nrf2 signaling 
pathway in the hereditary form of type 2 papillary renal 
cell cancer (Ooi et al. 201 1). In the Krebs cycle, fumarate 
is normally metabolized to malate by the enzyme fuma- 
rate hydratase (FH). Homozygous FH loss-of -function 
mutations have been shown to cause the hereditary form 
of type 2 papillary renal carcinoma in humans (for review, 
see Eng et al. 2003). The loss of the FH enzyme activity 
causes the accumulation of high levels of fumarate in the 
affected cells. Mechanistic analysis revealed that fuma- 
rate modifies cysteine residues within Keapl, abrogating 
its ability to ubiquitinate Nrf2 and causing prolonged 
activation of Nrf2, which is likely to promote the pro- 



gression of hereditary type 2 papillary renal cell carcinoma 
(Adam et al. 2011; Ooi et al. 2011). 

Pharmacological modulators of the Nrf2-Keapl 
signaling pathway 

The discovery of mechanisms underlying the regulation 
of the Nrf2/Keapl pathway has led to the development 
of agents that can manipulate Nrf2 in order to obtain 
therapeutic benefit. Compounds that increase the activ- 
ity of Nrf2 are being tested for disease prevention, 
whereas Nrf2 inhibitors are being developed as an adju- 
vant therapy to enhance the efficacy of chemotherapeutic 
drugs. 

Nrf2 activators 

Many Nrf2 activators are naturally occurring, plant- 
derived phytochemicals. Some examples of natural 
Nrf2 activators include sulforaphane (SF), curcumin, 
epigallocatechin-3-gallate, resveratrol, cafestol, kahweol, 
cinnamonyl-based compounds, zerumbone, garlic ogano- 
sulfur compounds, lycopene, and carnosol (for review, see 
Jeong et al. 2006; Lau et al. 2008; Kensler and Wakabayashi 
2010). These chemopreventive compounds exert their ef- 
fects by inducing the Nrf2-mediated defense response, 
including activation of phase II detoxification enzymes, 
antioxidants, and transporters that protect cells from sub- 
sequent carcinogenic insults. 

One of the most extensively investigated natural prod- 
ucts that target the Nrf2-Keapl signaling pathway is SF, 
an isothiocyanate present in cruciferous vegetables such 
as broccoli (Kensler et al. 2000). In a mouse cancer model, 
topical application of SF protected mice from developing 
skin tumors after they were exposed to several different 
carcinogens (Xu et al. 2006). SF also inhibited tobacco- 
induced lung carcinogenesis (Conaway et al. 2005) and 
reduced the formation of aberrant crypt foci and pancre- 
atic carcinogenesis following carcinogen exposure (Chung 
et al. 2000; Kuroiwa et al. 2006). 

In humans, several cohort and case control studies have 
shown that there is an inverse correlation between broc- 
coli consumption and the risk of developing colon, lung, 
breast, liver, and prostate cancer (Kensler et al. 1987, 2000, 
2005; Spitz et al. 2000; Seow et al. 2002; Ambrosone et al. 
2004; Joseph et al. 2004). Broccoli sprouts contain gluco- 
sinolates, which are the precursors of isothiocyanates such 
as SF. The most abundant glucosinolate found in broccoli 
is glucoraphanin, the precursor to SF. A phase II clinical 
trial study in China evaluating the chemopreventive 
properties of broccoli sprout preparations containing 
>60% glucoraphanin determined that SF reduced afla- 
toxin-DNA adducts in humans (Kensler et al. 2005). The 
success of these studies has led to several phase II clinical 
trials to study SF and broccoli sprouts as chemopreventive 
agents (http: //www. clinical trials. gov). 

Curcumin is another well-investigated chemopreven- 
tive natural product that is capable of activating Nrf2 
(Balogun et al. 2003). Dietary administration of curcumin 
enhanced the expression of Nrf2 and blocked DNA adduct 
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formation, oxidative stress, and inflammation in the 
livers and lungs of mice treated with benzo(a)pyrene 
(Garg et al. 2008; Thimmulappa et al. 2008). 

Several synthetic Nrf2 activators have also been de- 
veloped. Oltipraz (4-methyl-5-[2-pyrazinyl]-l,2-dithiole- 
3-thione) is a synthetic Nrf2 activator that has been 
shown to inhibit chemical-induced carcinogenesis in 
a variety of organs in rodents, including the colon, kid- 
ney, liver, stomach, and bladder (Kensler et al. 1987; 
Roebuck et al. 1991; Rao et al. 1993, 1996; Moon et al. 
1994; Clapper et al. 1995; Nishikawa et al. 1998; lida 
et al. 2004; Sharma et al. 2006). Oltipraz reduced the 
number of pulmonary adenomas, gastric cancer, and 
forestomach tumors in Nrf2 wild-type mice treated with 
benzo(a)pyrene but not in Nrf2-null mice, suggesting 
that Nrf2 is in fact important for its chemopreventive 
effects (Rao et al. 1993; Ramos-Gomez et al. 2003; Sharma 
et al. 2006). Oltipraz also inhibited N-nitrosobutyl (4- 
hydroxybutyl) amine (BBN)-induced urinary bladder can- 
cer in an Nrf2-dependent manner (lida et al. 2004). These 
promising preclinical studies led to phase I and II clinical 
trials in humans; however, the results are inconclusive. 
In a randomized, double-blind phase II clinical trial in 
China, 1 mo of weekly administration of 500 mg of oltipraz 
reduced the levels of a toxic hydroxylated metabolite of 
aflatoxin (Kensler et al. 1998a,b; Wang et al. 1999). How- 
ever, another randomized, double-blind trial in smokers 
did not show significant differences in the amount of 
poly aromatic hydrocarbon DNA adduct levels in lung 
epithelial cells and blood among trial groups (Kelley et al. 
2005). Side effects such as flatulence, gastrointestinal 
irritation, and paresthesia in fingertips stopped the eval- 
uation of this agent. 

Dimethyl fumarate (DMF) is another synthetic Nrf2 
activator that has been shown to alkylate critical cysteine 
residues on Keapl, prevent Nrf2 ubiquitination, and pro- 
mote Nrf2 stabilization and subsequent activation of Nrf2 
target genes (Phillips and Fox 2013). In phase III clinical 
trials for multiple sclerosis (MS), BG-12, an oral prepara- 
tion of DMF, led to a reduction in the annual relapse rate 
for MS (Gold et al. 2012). In addition, DMF protected heart 
tissues from ischemia-reperfusion injury (Ashrafian et al. 
2013). As a result, BG-12 (Tecfidera) has been approved by 
the Food and Drug Administraion for the treatment of MS 
in March 2013 (http://www.fda.gov). Although the cancer- 
preventive properties of DMF in humans have not been 
tested, recent studies have also shown that DMF may have 
potential as an anti-cancer agent in several different types 
of cancer cells, including melanoma, head and neck carci- 
noma, glioblastoma, and colon cancer (for review, see Chen 
and Kirsner 2011). 

Nrf2 inhibitors 

Given the role of constitutive Nrf2 activation in pro- 
moting cancer progression and mediating resistance to 
cancer therapy, the pharmacological inhibition of Nrf2 
signaling has recently emerged as a promising approach 
for cancer therapy, especially for cancers with elevated 
levels of Nrf2. Recently, our laboratory screened many 



plant extracts to identify Nrf2 inhibitors and found that 
brusatol, a component of Brucea javanica seeds, is able to 
inhibit the Nrf2 pathway (Ren et al. 2011). Brusatol 
decreased the protein levels of Nrf2 across a panel of 
mammalian cells at nanomolar concentrations and de- 
creased the expression of Nrf2 target genes in cancer 
cells. Consequently, brusatol decreased the intracellular 
levels of glutathione by suppressing the expression of 
GCLM and GCLC, which encode for GCS, a glutathione 
synthesis enzyme. Additionally, brusatol decreased the 
intracellular concentration of cisplatin, presumably through 
enhanced expression of Mrpl, a drug efflux protein highly 
expressed in cancer cells. As a result, brusatol enhanced 
the cytotoxic effects of several chemo therapeutic agents 
both in vitro and in vivo. Currently, the molecular 
mechanism by which brusatol inhibits Nrf2 is under 
investigation. 

Several other small molecules have been found to sup- 
press the Nrf2 pathway, including ascorbic acid, luteolin, 
ochratoxin A, trigonelline, and all-trans retinoic acid 
(ATRA) (for review, see Magesh et al. 2012). ATRA and 
other RA receptor a (RARa) agonists have been shown to 
inhibit the basal and inducible activity of Nrf2 in vitro 
and in vivo (Wang et al. 2007). Mechanistically, in the 
presence of ATRA, Nrf2 forms a complex with RARa. 
The Nrf2:RARa complex is not able to bind to the ARE 
and thus decreases the ability of Nrf2 to activate ARE- 
driven genes. Intriguingly, although these compounds 
were reported to inhibit Nrf2, they also have been shown 
to act as Nrf2 activators in other studies. Thus, additional 
research is needed to establish the specificity and mech- 
anism of action of these and other putative Nrf2 in- 
hibitors before they can be used as therapeutics for cancer 
patients. 

Future directions in the development of Nrf2 
modulators 

Given the dual role of Nrf2 in cancer, it is natural to 
wonder whether Nrf2 activation can lead to cancer. There 
have been a substantial number of studies assessing the 
ability of Nrf2 activators to promote cancer. There is 
no evidence to date suggesting that the agents used to 
activate the Nrf2 pathway have adverse impacts on 
tumor growth. Administration of oltipraz in rats, for 
example, did not affect hepatic tumor yield or burden, 
and similar results were seen with other Nrf2 activators 
(Maxuitenko et al. 1993). Therefore, transient activation 
of Nrf2 in cells with an intact Nrf2-Keapl axis by 
pharmacological activators is safe for the purpose of 
chemoprevention. 

One of the major concerns with the Nrf2 activators 
that are currently being used as pharmacological agents, 
however, is cytotoxicity due to off- target effects. Given 
the increased tendency for these chemopreventive agents 
to react with cysteines, multiple signaling pathways can 
conceivably be modulated. For example, chemopreven- 
tive agents such as CDDO-Im, SF, and dithiolethione 
have been shown to affect multiple pathways. Bardoxolone 
methyl, a CDDO derivative, was recently withdrawn 
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from a phase III clinical trial in end stage renal disease 
patients with type II diabetes following an excess of 
unspecified serious adverse effects and mortality among 
the treated patients (Tayek and Kalantar-Zadeh 2013; 
Zhang 2013). The reactive site on bardoxolone can un- 
dergo Michael addition reactions readily with a range of 
nucleophiles. Thus, it is possible that the adverse events 
associated with bardoxolone are due to off-target events 
and unlikely to be due to the activation of the Nrf2- 
Keapl signaling pathway. 

Several studies have been published that will help 
improve the specificity of Nrf2-based therapies. The iden- 
tification of the cocrystal structure of Keapl in complex 
with the Neh2 domain of Nrf2, for example, will provide 
opportunities to design molecules that specifically and 
selectively interfere with the binding of Keapl and Nrf2 
(McMahon et al. 2006; Tong et al. 2006a). Small mimetics 
of the ETGE or DLG domains of Nrf2, for example, may 
serve this purpose. The demonstration that the expression 
of NRF2 and KEAPl is also controlled by specific miRNAs 
provides additional targets to manipulate the Nrf2-Keapl 
pathway. Furthermore, mounting evidence suggests that 
Nrf2 can cross-talk with other pathways important for cell 
survival (for review, see Wakabayashi et al. 2010). These 
converging points may offer great opportunities for phar- 
macological intervention to control the level of Nrf2 and 
its downstream effects. 
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